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FOREWORD
An exploratory experimental and theoretical investigation of gaseous nuclear
rocket technology was conducted by the United Aircraft Research Laboratories under
Contract SNPC-70 with the joint AEC-NASA. Space Nuclear Systems Office. The Technical
Supervisors of the Contract for NASA were Captain C. E. Franklin (USAF) of SNSO for
the initial portion of the Contract performance period, and Dr. Karlheinz Thorn of
SNSO and Mr. Herbert J. Heppler of the NASA Lewis Research Center for the final
portions. The following nine reports (including the present report) comprise the
required Final Technical Report under the Contract:
1. Roman, W. C. and J. F. Jaminet: Development of RF Plasma Simulations of
In-Reactor Tests of Small Models of the Nuclear Light Bulb Fuel Region. United
Aircraft Research Laboratories Report L-910900-12, September 1972.
2. Klein, J. F.: Nuclear Light Bulb Propellant Heating Simulation Using a Tungsten-
Particle/Argon Aerosol and Radiation from a DC Arc Surrounded by a Segmented
Mirror Cavity. United Aircraft Research Laboratories Report L- 910900-13,
September 1972.
3. Jaminet, J. F.: Development of a Model and Test Equipment for Cold-Flow Tests
at 500 Atm of Small Nuclear Light Bulb Configurations. United Aircraft Research
Laboratories Report L-910900-lU, September 1972.
k. Kendall, J. S. and R. C. Stoeffler: Conceptual Design Studies and Experiments
Related to Cavity Exhaust Systems for Nuclear Light Bulb Configurations. United
Aircraft Research Laboratories Report L-910900-15, September 1972.
5. Rodgers, R. J. and T. S. Latham: Analytical Design and Performance Studies of
the Nuclear Light Bulb Engine. United Aircraft Research Laboratories Report
L-910900-16, September 1972.
6. Latham, T. S. and R. J. Rodgers: Analytical Design and Performance Studies of
Nuclear Furnace Tests of Small Nuclear Light Bulb Models. United Aircraft
Research Laboratories Report L-910900-17, September 1972.
7. Krascella, N. L.: Spectral Absorption Coefficients of Argon and Silicon and
Spectral Reflectivity of Aluminum. United Aircraft Research Laboratories
Report L-9109C4-3, September 1972. (present report)
8. Balma, G. E.: Measurements of the UV and VUV Transmission of Optical Lfeterials
During High-Energy Electron Irradiation. United Aircraft Research Laboratories
Report L-990929-3, September 1972.
9. Kendall, J. S.: Investigation of Gaseous Nuclear Rocket Technology — Summary
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Spectral Absorption Coefficients of
Argon and Silicon and Spectral Reflectivity
of Aluminum
SUMMARY
A theoretical investigation was conducted to estimate the spectral properties
of argon as a function of pressure, temperature and wave number. The spectral charac-
teristics of the argon buffer gas exert a strong influence on radiative energy trans-
fer in the Nuclear Furnace in-reactor test configuration of the nuclear light bulb
engine. An existing computer program was modified and used to calculate the spectral
absorption coefficients of argon at total pressures of 50, 100, 250, 500, 750 and
1000 atm in the temperature interval between 1000 and 30,000°K. At each pressure and
temperature, spectral properties were calculated for forty-seven wave numbers in the
interval between 1000 and 1,000,000 cm"1.
Estimates of the spectral absorption coefficients of silicon were made as part
of an evaluation of silicon vapor as a possible buffer-gas seeding agent for the
reference nuclear light bulb engine. Existing cross-section data were used to calcu-
late the spectral characteristics of silicon at twenty-four temperatures in the inter-
val between 2000 and 10,000°K. Calculations were made for partial pressures of
silicon equal to the vapor pressures up to a temperature of 3?00°K and equal to 10 atm
above 3700°K. Spectral data for silicon were calculated at twenty-nine wave numbers
at each temperature and partial pressure.
The spectral and angular dependence of the reflectivity of aluminum was also
computed for subsequent use in determining radiative transfer characteristics of
both the in-reactor-test configuration and the reference engine configuration.
Reflectivities of aluminum were calculated at twenty-three wave numbers between 1000
and 1,000,000 cm"1 for six angles of incidence between 0 and 89.9°•
INTRODUCTION
Analytical and experimental investigations of various aspects of gaseous
nuclear rocket technology have recently been conducted by the Research Laboratories
of United Aircraft Corporation under Contract SNFC-70 administered by the joint
AEC-WASA Space Nuclear Systems Office. Of primary interest under this contract are
(1) the vortex-stabilized nuclear light bulb engine concept described in Ref. 1 and
(2) small-scale in-reactor tests that would be conducted by inserting a cylindrical
cavity in the core of the Nuclear Furnace as described in Ref. 2. The in-reactor-
test configuration is designed to demonstrate concept feasibility in a nuclear
reactor without resorting to construction of the full-scale working device.
In the in-reactor test configuration, the fissioning uranium plasma is stabilized
by an argon driven vortex. The argon gas also serves as a buffer between the high
temperature plasma and the reflective aluminum liner which forms the peripheral wall
of the cavity. To facilitate design of the in-reactor-test configuration and to
assess radiative heat loads on the reflective liner, the spectral properties of argon
are required as a function of temperature, pressure and wave number. One objective
of the study reported herein was to make estimates of these properties over the
required pressure and temperature ranges.
A second objective concerns protection of the fused silica walls of the full-
scale engine in which neon buffer gas is used to drive the vortex. Without seeding
of the buffer gas, approximately 15 percent of the total radiant energy emitted by
the nuclear fuel and directed toward the transparent wall would be emitted in the
ultraviolet region of the spectrum at wavelengths where the transparent wall struc-
ture is essentially opaque (Refs. 3 and U). Analyses of radiative transfer have been
made to evaluate various candidate buffer-gas seeding agents (Refs. U and 5)- Oxygen-
nitric oxide mixtures have been shown to reduce the emission of ultraviolet radiation
by the fuel; however, large quantities of this seed gas mixture would be required to
reduce the ultraviolet radiation component to an acceptable level. In addition, the
absorption characteristics of an oxygen-nitric oxide seed in the visible region would
result in appreciable deposition of radiant energy in the seeded buffer gas, which
would impose a severe convective heat load on the buffer gas recirculation system.
Silicon has been suggested as a more satisfactory buffer-gas seeding agent. Hence,
it was required that the absorption characteristics of silicon be estimated as a
function of wave number for the temperatures and pressures of interest in the engine.
In both the full-scale engine and the in-reactor test model, aluminum is being
considered for reflective surfaces to protect critical engine components from damage
by thermal radiation. Thus, the third objective of this study was to estimate the
reflectivity of aluminum as a function of wavelength and angle of incidence.
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ANALYSIS OP THE SPECTRAL
CHARACTERISTICS OF ARGON
An existing UARL computer program was modified to enable calculation of the
composition distribution and the spectral characteristics of argon as a function of
temperature, pressure and wave number. The machine code is based on the "Quantum
Defect Method" (Ref. 6) for ascertaining the bound-free and free-free cross-sections
of atomic and ionic species. Details of the machine code and the calculational pro-
cedure are described in Ref. 7.
Composition
The composition subroutine of the machine code described in Ref. 7 was used to
determine the distribution of argon species as a function of temperature and pressure.
Energy levels and the corresponding statistical weight data required by the composi-
tion subroutine were obtained from Ref. 8. Three ionization species of argon were
considered - - - neutral argon, singly ionized argon and doubly ionized argon.
Requisite ionization potentials were obtained from Ref. 9 an -^ were 15.775 eV for
neutral argon and 27.62 eV for singly ionized argon. Typical calculated composition
distributions for argon are shown in Fig. 1 as a function of temperature at a total
pressure of 100 atm. Calculated argon composition distributions for other pressures
are presented in Table I.
Spectral Absorption Coefficients
The basic absorption coefficient subroutine described in Ref. 7 was modified
to permit estimation of the spectral properties of argon as a function of wave number
at various temperatures and pressures. The cross-section data of Ref. 10 was used to
determine the ground-state bound-free contribution to the absorption coefficient.
The method described in Ref. 7 treats the contribution from low-lying excited
states in a continuum approximation. Since a number of the lower excited states in
argon are sufficiently separated in energy, calculation of these contributors on an
individual basis is warranted. A partial energy level diagram depicting the distri-
bution of low-lying states in argon is shown in Fig. 2. It should be noted that the
argon energy level distribution contains two series of energy levels, denoted by primed and
unprimed symbols. The unprimed series of levels converges to the ground state of the
ion at an energy 127109-9 cm" above the neutral atom ground state; the primed series
of levels converges to the first excited state of the ion at an energy of 1285^ 1.3 cm"1
above the ground state of the neutral atom. The ionization limit for each energy
level series determines the threshold value for the bound-free transitions.
The scarcity of cross-section data for the lower excited-state bound-free transi-
tions precluded use of existing data in the machine program. Therefore, a quantum
defect calculation (Ref. 6) was performed to estimate the cross-sections for the
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lowest twelve excited states in argon (see Fig. 2). In the quantum defect calculation,
the energy dependence of a set of orbitals on the "J" quantum number was averaged to
determine a single energy for a specified principal quantum number "n" and azimuthal
quantum number "1". For example, in the kp states, for which "n" = k and "1" = 1,
there are six levels of nearly the same energy with "J" = 0, 1, 1, 2, 2, and 3. These
six levels were considered as a single Up state with an average energy of approximately
105,600 cm" . All other excited states illustrated in Fig. 2 were similarly treated.
A numerical summary of averaged states and the corresponding threshold wave number
values for the ground state and twelve excited states is presented in Table II.
The results of the quantum defect calculation of the excited-state bound-free
cross-sections are illustrated as a function of wave number in Fig. 3 for "s" states,
in Fig. U for "p" states and in Fig. 5 for "d" states. The data of Ref. 10 for the
ground-state bound-free cross-sections are also depicted in Fig. 3. These cross-section
data were used in conjunction with the composition distributions to determine spectral
absorption coefficients for bound-free transition in neutral argon. Additional con-
tributions to the total absorption coefficient of argon from higher excited state and
free-free transition of the ionic species were estimated by methods described in
Ref. 7.
Typical spectral absorption coefficients for argon generated using the modified
machine code are illustrated in Fig. 6 as a function of wave number for several
temperatures at a total pressure of 50 atm. Additional spectral absorption coeffi-
cients results are tabulated in Table III for forty-seven wave numbers at temperatures
between 1000 and 30,000°K and for six pressures between 50 and 1000 atm.
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ANALYSIS OF THE SPECTRAL
CHARACTERISTICS OF SILICON
A number of buffer-gas seeding materials such as hydrogen, lithium vapor and a
mixture of oxygen-nitric oxide have been examined in prior radiative transfer
studies (Refs. 3» ^  and 5). These have proven to be of marginal value in attenuating
ultraviolet emission from the fuel region. In the present study, the spectral
characteristics of silicon were computed for use in determining the efficiency of
silicon vapor as a buffer-gas seeding agent.
Since silicon would be introduced into the reference engine configuration at the
cool outer edge of the buffer gas region, the data of Ref. 11 was used to determine
silicon vapor pressure from a temperature of approximately 1000°K up to the boiling
point temperature of approximately 2900°K. These results were extrapolated up to a
pressure of 10 atm where the boiling point is approximately 3700°K. At temperatures
greater than 3700°K, the partial pressure of silicon vapor was taken as 10 atm.
This partial pressure distribution is shown in Fig. 7- Composition distributions for
silicon in terms of neutral silicon atoms, singly-ionized silicon and doubly-ionized
silieon were determined using the energy levels and statistical weights tabulated in
Ref. 8 and the vapor pressures shown in Fig. 7. The calculated distribution of various
silicon ionization species is shown in Fig. 8 as a function of temperature.
Existing ground-state bound-free cross-section data for silicon were taken from
Ref. 10. Threshold values of the bound-free cross-sections from the first two
excited states in silicon are listed in Ref. 12. A numerical summary of the energy
levels of the three states considered in the calculation and the threshold wave number
values for the cross-sections is presented in Table IV. Since only threshold values
of the cross-sections from the two excited states of silicon were available, cross-
sections at higher wave numbers were estimated by extrapolation from
SOD = A/0,3 (1)
where A is a constant and u) is the wave number. The cross-section and composition
results were used to calculate the absorption coefficient of silicon vapor as a func-
tion of wave number. Typical spectral results are shown in Fig. 9 for a number of
temperatures.
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ANALYSIS OF THE SPECTRAL AND
ANGULAR REFLECTIVITIES OF ALUMINUM
The analysis of radiative heat transfer in the reference engine and in-reactor-
test configurations requires knowledge of the angular and wavelength dependence of
the reflectivity of aluminum. The complex refractive index is required to determine
the spectral reflective properties of aluminum as a function of the angle of incidence
of the impinging radiation. The analytical procedure and numerical parameters for
aluminum described in Ref. 13 were used to calculate the real and imaginary parts of
the complex index of refraction. The results of these calculations are shown graphi-
cally in Fig. 10 for the real part of the complex refractive index and in Fig. 11 for
the imaginary part of the complex refractive index. The spectral reflectivity of
aluminum was determined as a function of angle of incidence according to the following
relationships:
r = (rp + rs)/2 (2)
, (n - I/cos Y )2 + k2
P (n + I/cos Y)2 + k2 (3)
_ (n - cosY )2 + k2
rs
~ (n + cos Y)2 + k2
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LIST OF SYMBOLS
A Constant, see Eq. (l)
a Absorption coefficient, cm~l
E Energy, cm~
J Total orbital angular momentum quantum number
k Imaginary part of the complex refractive index
1 Orbital angular momentum quantum number
N Number density, cm" 3
N(l,l) Number density of neutral argon, cm~3
N(l,2) Number density of singly ionized argon, cm~3
N(l,3) Number density of doubly ionized argon, cm"3
n Principal quantum number or real part of the complex refractive index
P Pressure, atm
P(l,l) Partial pressure of neutral argon, atm
P(l,2) Partial pressure of singly ionized argon, atm
P(l,3) Partial pressure of doubly ionized argon, atm
r Reflectivity
r Reflectivity of radiation polarized'parallel to plane of incidence
rs Reflectivity of radiation polarized perpendicular to the plane of incidence
T Temperature, °K
C (uj) Quantum defect function
X Wavelength, ju,
2
cr Absorption cross-section, cm
L-91090^ -3
LIST OF SYMBOLS (Continued)
\\i Angle of incidence, rad
(jj Wave number, cm"
Subscripts
i Refers to an ionization species
t Refers to total quantities
u) Refers to spectral quantities
L -910904-3.
TABLET





































































































































































































































































































































































































































































































































































































































































TEMP ELECTRON N(l,l) N(l»2) M(l,3)
(DEG Kv DENSITY,-. CM-3 ^
********* *******************************************
1.000+03 0.000 1.835+21 0.000 0.000
2.000+03 1.921+01 9.176+20 1.921+01 0.000
1.000+03 2.025+11 1.588+20 2.025+11 3.316-H
6.000+03 1.695+11 3.059+20 1.695+11 2.123-02
8*000+_03 2.J3.70+16...^ *291+.20 . 2.3.70*16. .. 2.58.2+01.__ .
1.000+01 2.606+17 1.830+20 2.606+17 1.315+08
1.200+01 1.330+18 1.503+20 1.330+18 1.598+10
1.100+01 1,276+18 1.225+20 1.276+16 3.369+12
1.600+01 9.897+18 9.191+19 9.897+18 8.829+13
1.800+01 1.755+19 6.685+19 1.755+19 1.099+15
2.000+01 . 2..18S+X9. ..1^ 08+19 2.«t83.+. 19 .7.717+15
2.200+01 2.957+19 2.132+19 2.950+19 3.572+16
2.100+01 3.111+19 1.371+19 3.120+19 1.218+17
2.600+01 3.152+19 7.881+18 3.085+19 3.352+17
2.800+01 3.075+19 1.821+18 2.919+19 7.831+17










1. 000 + 03
2. uOO + 03
4 .uUO+03
6. JOO + 03
6.UOO+03
l.uOO+04
















































































































































































































































































































































































































































































































































































































































LOW-LYING AVERAGE ENERGY LEVELS FOR AR I
Data from Ref. 8
Unprimed Series 127109.9 cnT1
lonization Potentials
















































ABSORPTION COEFFICIENTS OF ARGON AT TOTAL PRESSURE = 50 ATM

































































































































































































































































































































































ABSORPTION COEFFICIENTS OF ARGON AT TOTAL PRESSURE = 50 ATM
WAVE * - - TEMPERATURES (DEG K)
NOS. * 1.000 + 04 1.200+04 1.400+04 1.600+04
CM-1 * — CM-1
1.800+04
************************************************************











































































































































































































































































































































ABSORPTION COEFFICIENTS OF ARGON AT TOTAL PRESSURE = 50 ATM









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ABSORPTION COEFFICIENTS OF ARGON AT TOTAL PRESSURE = 100 ATM
NOS.
* TEMPERATURES I
* 1.000+03 2,000+03 4.000+03
* -^ CM-1
K )
ft.000 + 03 8.000+03
V,|»| — 4. -• • -































































































































































































































































































ABSORPTION COEFFICIENTS OF ARGON AT TOTAL PRESSURE = 100 ATM
MAVE * TEMPERATURES. (DEG K)
NOS. * 1.000*01 1.200*01 1,100*01 1.600*01 1.800*01
CM-l * — CM-1 +~
********t***************************************************
* A ( T O T A L ) A(TOTAL) A(TOTAL) A (TOTAL) A (TOTAL)
1.000 + 03 * 4.105-05 7.551-0**
1,500+03 * 1.965-05 -3.317-04
2.000+03 * 1.109-05 1.076-01
1.000+03 * 2.950-06 1.858-05
6.000+03 * 1.520-06 2.131-05
8.000+03 * 1.113-03 5.885-02
1.000+01 * 2.811-03 1.036-02
1.500+01 * 1.325-02 1.676-01
2.000+01 * 7.116-03 9.029-02
2.250+01 * 1.109-02 1.272-01
2.500+01 * 9.708-03 1.100-01
2.750+01 * 0.367-03 9.389-02
3.000+01 * 7.117-03 7.921-02
3.250+01 * 6.051-03 6.708-02
3.500+01 * 9.157-03 8.809-02
3.750+01 * 7.858-03 7.531-02
1.000+01 * 6.559-03 6.253-02
1.500+01 * 1.553-03 1.298-02
5.000+01 * 2.625-03 2.659-02
5,500+01 * 1.677-03 1,591-02
6.000*01 * 8.105-01 7.982-03
6.500+01 * 5.618-01 5.507-03
7.000+01 * 1.081-01 3.932-03
7.250*01 * 3.613-01 3.139-03









































































































































































ABSORPTION COEFFICIENTS OF ARGON AT TOTAL PRESSURE = 100 ATM
WAVu *
NOS. * 2,000+01





























































































































































































































































































































































































































































































































































































































































ABSORPTION COEFFICIENTS OF ARGON AT TOTAL PRESSURE = 250 ATM
WAV*. *• TEMPERATURES tUtG K)
















































































































































































































































































































ABSORPTION COEFFICIENTS OF ARGON AT TOTAL PRESSURE = 250 ATM
WAVE *
NOS, * 1.000+04
f'M— 1 * «
TEMPERATURES (DFfi K) _




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ABSORPTION COEFFICIENTS OF ARGON AT TOTAL PRESSURE = 500 ATM
WAVt. * TEMPERATURES (DEG K)












2. 250 + 04- *































































































































































































































































































ABSORPTION COEFFICIENTS OF ARGON AT TOTAL PRESSURE = 500 ATM
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ABSORPTION COEFFICIENTS OF ARGON AT TOTAL PRESSURE = 750 ATM
WAVE * - .TEMPERATURES (DEG K)
NOS. * 1.000+04 1.200 + 01* 1.400+04 1.600+04 1.800+04
CM-i * -« CM-1 »-
************************************************************




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ABSORPTION COEFFICIENTS OF ARGON AT TOAL PRESSURE = 1000 ATM
NOS
CM-l
* . TEMPERATURES IL)£G K)
* 1.000*01 1.200*0** 1,100*01 1.600*01 1,800+01
* -* CM-1 *•
************************************************************
























































































































































































































































































































































































































































































TEMPERATURES (DEC K) .
2.000+04
**********












































































































































































































































































































































































































































































































































































LOW-LYING ENERGY LEVELS FOR SI I
Data from Ref. 8













NUMBER DENSITY DISTRIBUTION FOR ARGON AS A FUNCTION OF TEMPERATURE
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BOUND-FREE CROSS-SECTION OF ARGON I "s" LEVELS
AS A FUNCTION OF WAVE NUMBER
WAVE NUMBER, «u -CM"
L-910904-3 FIG. 4
BOUND-FREE CROSS-SECTION OF ARGON I "p" LEVELS
AS A FUNCTION OF WAVE NUMBER
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BOUND-FREE CROSS-SECTION OF ARGON I "d" LEVELS
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SPECTRAL ABSORPTION COEFFICIENTS OF ARGON FOR VARIOUS TEMPERATURES
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L-910904-3 FIG. 8
NUMBER DENSITY DISTRIBUTION FOR SILICON AS A FUNCTION OF TEMPERATURE
















SPECTRAL ABSORPTION COEFFICIENTS OF SILICON VAPOR
AT VARIOUS TEMPERATURES
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L_910904-3 FIG. 10
CALCULATED REAL PART OF THE REFRACTIVE INDEX OF ALUMINUM
AS A FUNCTION OF WAVE NUMBER
10-2
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L-910904-3 FIG. 11
CALCULATED IMAGINARY PART OF THE REFRACTIVE INDEX OF ALUMINUM
AS A FUNCTION OF WAVE NUMBER
WAVE NUMBER, w - CM
L-910904-3 FIG. 12
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